ABSTRACT This paper presents the findings of a steerable higher order mode (TE y 1δ3 ) dielectric resonator antenna with parasitic elements. The beam steering was successfully achieved by switching the termination capacitor on the parasitic element. In this light, all of the dielectric resonator antennas (DRAs) have the same dielectric permittivity similar to that of ten and excited by a 50 microstrip with a narrow aperture. The effect of the mutual coupling on the radiation pattern and the reflection coefficient, as well as the array factor, was investigated clearly using MATLAB version 2014b and ANSYS HFSS version 16. As the result, the antenna beam of the proposed DRA array managed to steer from −32 • to +32 • at 15 GHz. Furthermore, the measured antenna array showed the maximum gain of 9.25 dBi and the reflection coefficients which are less than −10 dB with the bandwidth more than 1.3 GHz, which is viewed as desirable for device-to-device communication in 5G Internet of Things applications.
I. INTRODUCTION
Telecommunication innovation has advanced quickly from the original (1G) to the fifth generation (5G) due to the expanding interest in boundless access to data and sharing of information. These features are very salient for many applications related to Internet of Things (IoT) such as Deviceto-Device (D2D) communications as depicted in Fig. 1 [1] . Consequently, the increase of usage and the demand for simultaneous communication between devices cause interference, especially at higher frequencies in 5G. Therefore, a smart device embedded with wide bandwidth and high gain antenna is required to encounter the increasing traffic demands and to address the interference problems [2] , [3] . In addition, a directional antenna is also indispensable to satisfy the necessities of a long distance communication [4] . Recently, the spectrum above 6 GHz has gained so much attention for future networks and also viewed as a potential frequency for 5G applications [5] . Hence, the operating frequency of the antenna is proposed at 15 GHz.
In the meantime, the Friis formula advocates that the path loss is dependent on the frequency. Therefore, the loss will be increased at higher frequencies because of the decreased wavelength, and multiple antennas in the phased array that is capable of steering the direction beam with high gain can FIGURE 1. D2D communications in 5G Internet of Things (IoT) [1] .
be used to recover the additional loss as well as to support access and the reconfigurable backhaul link [6] . Nevertheless, the complex phased array design that incorporates power distribution network, phase shifter and bias component has produced a larger overall dimension, where the sizes of the phased array design in [7] and [8] were more than 70 mm × 70 mm at 10 GHz and 8 GHz, respectively, with the best reflection coefficient only at −18 dB [7] . Meanwhile, phase shifters are expensive and need intricate feeding networks that will introduce more losses at higher frequencies [9] , hence, new phased arrays need to be developed by using different techniques. Past studies had reported the developments of beam steering antenna without the phase shifters requirement [10] - [13] . It is known as the electronically steerable passive array radiator (ESPAR) antenna that was excited by one of the elements in the array, called driven element, while others (parasitic elements) were excited by the mutual coupling of the driven element and were terminated with the capacitor loading. Furthermore, the phase shifts requisite for the steerable beam can be tuned by controlling the capacitor value on the parasitic elements.
Past researchers had conducted ESPAR investigations on patch elements [11] and wire [10] . However, the microstrip ESPAR had a limited steer angle at the boresight direction, while the steerable beam in [9] just reached the angle of ±20 • and in [12] , it reached ±15 • . Besides that, the microstrip ESPAR has a narrow impedance bandwidth and the performance of antenna gain was not more than 8.0 dBi [13] - [15] . Thus, in comparison to the microstrip antennas, the dielectric resonator antennas have shown various benefits, such as wider bandwidth and low loss that make it suitable for higher frequencies applications [16] . In recent years, the dielectric resonator antenna (DRA) ESPAR was fed through the microstrip line [17] , which is typically excited in the fundamental mode. It does not take into consideration the effect of mutual impedance by the difference distance between DR and the H -field distribution inside the DR. Despite that, the impedance bandwidth between DRA ESPAR in [17] and microstrip ESPAR in [12] were more or less the same. Influenced by the higher-order mode DRA that manage to increase the gain and bandwidth of the single element [18] , thus, it has proposed as a driven element in DRA array.
A preliminary study [19] has conducted a basic analysis through simulation. Despite the design's improved bandwidth and gain compared to other previous works, there are still drawbacks in the capability of the steering angle at ±26 • and a broader half-power beamwidth (HPBW) at 112 • . Thus, this study proposes an improvement of the concept presented [19] , which will significantly modify the excitation mode of the parasitic elements. To the best of author's knowledge there are still no studies that used the higher-order mode (TE y 1δ3 ) together with the fundamental mode (TE y 1δ1 ) in the ESPAR design, hence, detailed analyses which included numerical and simulations were performed on both the proposed design and the previous work in [19] . As a result, better performance was substantially obtained when the configuration composed of the driven element excited in the TE y 1δ3 mode while the parasitic elements were excited in the TE y 1δ1 mode. In this paper, the proposed DRA array had achieved the beam steering angle from −32 • to +32 • with the measured bandwidth of more than 1.3 GHz, specifically at 15 GHz without a need of phase shifters. Furthermore, the antenna gain had increased as the steering angle increased and achieved the maximum measured gain at 9.25 dBi with 61 • of HPBW. In this regard, the proposed DRA array presents a potential candidate for 5G (IoT) applications which could be applied to Device-to-Device (D2D) communication.
This paper is organized as follow, first, the comparisons between the single DRA excited in the higher-order mode (TE y 1δ3 ) and the fundamental mode (TE y 1δ1 ) are analyzed in Section II, followed by the comparison analysis between the designed in [19] and the proposed design. Furthermore, the chapter will explain the investigation in regards to the beam steering in theory and based on the simulation, as well as the six controlling ideal switches embedded in the feed line of the parasitic elements to manage the beam switching. In the meantime, Section III presents the fabricated design and compares its measurement results with the simulation. Finally, Section IV will conclude the discussion in the paper.
II. DESIGN AND ANALYSIS

A. ANTENNA CONFIGURATION
The geometry of the single element rectangular DRA with the dimension w, d and h is shown in Fig. 2 . The resonant frequencies, f 0 of the TE y mδn with a dielectric constant, ε r can be predicted using (1) derived from the dielectric waveguide model [20] . The following equations are acquired for the wavenumber k x , k y , and k z where m and n are index numbers.
where k 0 denotes the wavenumber of the free space at 15 GHz. The higher-order mode was introduced by increasing the dimension of the antenna in a direction normal to ground VOLUME 5, 2017 FIGURE 2. Geometry of the single element DRA. plane, which offers a higher gain till the non-occurrence of the overlap dipole. Hence, the theory of short magnetic dipoles was used to define the modes in the minimum spacing, s between the short magnetic dipoles should be equal to 0.4λ [21] . mode was approximately spaced, with s = 9.2 mm apart which correspond to 0.46λ. Therefore, the gain for the single DRA excited in TE y 1δ3 mode had achieved 9.95 dBi of the antenna gain, which is 2 times higher than the TE y 1δ1 mode. In addition, the directivity of the single DRA in TE y 1δ3 mode achieved 9.97 dB which is better than TE y 1δ1 mode. Hence, in order to increase the antenna bandwidth, the TE y 1δ3 mode DR was placed on the ground plane side and fed by a 50 microstrip line through a narrow aperture in the ground plane with the strongest amount of the aperture coupling, χ [20] . In this light, by optimize the width of the slot (W s ), the length of the stub (S), and the width of the microstrip line (W ), it was reduced the loaded Q-factor in (2), thus increased the antenna bandwidth even though in the higher-order mode [18] . In contrary with the work in [21] , the TE y 1δ3 mode DRA in the proposed design has attained a wider impedance bandwidth compared to the TE y 1δ1 mode as shown in Fig. 4 .
FIGURE 5. Layout of DRA arrays with driven and parasitic.
Next, an array which consist of three elements dielectric resonators (DRs) was designed as shown in Fig. 5 . The beam can be steered by adjusting the value C A and C B at port 2 and port 3, respectively. The analysis was compared between the designed in [19] and the proposed design as tabulated in Table 1 . The TE y 1δ3 mode was designated as a driven DR due to its intriguing advantages in gain and bandwidth, compared to TE y 1δ1 mode [18] . Nevertheless, the effects to the antenna performance through the use of different excitation mode of the parasitic DRs will be investigated and analyzed in the next section.
B. EFFECTIVE DISTANCE, d BETWEEN THE DIELECTRIC RESONATORS
The driven DR and each of the parasitic DRs were separated by the distance, d. This distance influenced a mutual coupling effect to excite the parasitic DRs (port 2 and port 3) from the driven DR (port 1). Interestingly, this array needs a stronger mutual coupling so that a larger of current ratio between the DR can be obtained, which also influenced the capabilities of the steerable beam. In this regard, a preliminary study on the mutual impedance, Z 21 and the reflection coefficients were performed to determine the effective distance, d. In order to analyze the coupling effect between the elements, all ports were activated to extract the Z parameters from ANSYS High Frequency Structural Simulator version 16.0 (HFSS). Meanwhile, in reference to Fig. 6(a) , the mutual impedance, Z 21 which also represent Z 31 between the parasitic DR and the driven DR for both design had increased when the distance, d was decreased from 0.5λ to 0.3λ. However, the proposed design showed the higher mutual impedance compared to the designed in [19] due the closer separation between edges of the driven DR to the edge of the parasitic DR. Meanwhile, while the closer d resulted in stronger mutual coupling and will increase in the current magnitude and phase shifting, Fig. 6(b) illustrates that there was a mismatch impedance which occurred at particular 15 GHz for d = 0.3λ. Accordingly, d = 0.4λ (8mm) was selected as the effective distance between the DRs.
C. THEORETICAL BASIS OF BEAM STEERING
The DRA array can be synthesized with three-port network theory in [17] and the current ratio between the parasitic DR and the driven DR was obtained through (3):
Since the capacitance, C A and C B are the main directories for the steerable beam, the distributions of |I 2 /I 1 | and |I 3 /I 1 | on the parasitic DRs can be controlled by adjusting their values. The range of 0.01 pF -1 pF was predicted in [19] as the operational capacitances that would impact the steering beam of the proposed antenna. The numerical investigation was done for both designs by varying the capacitance C B with constant value C A = 0.01 pF to observe the effect of the current ratio and the phase difference between the parasitic elements. Subsequently, Fig. 7(a) and Fig. 7(b) show that the current ratio |I 3 /I 1 | and the phase difference for both designs could be increased by increasing the capacitance value C B . Nevertheless, the proposed design produced a higher |I 3 /I 1 | and phase difference compared to the designed in [19] . Hence, the array factor of the phased array can be calculated by using (4):
Subsequently, once the AF is known, the radiation pattern of the phased array can be obtained. The normalized AF from the numerical calculation is shown in the Fig. 8 and it indicates that the beam steering of the proposed design is theoretically possible. It can also be observed that, the AF is almost constant for both design when C A = C B = 0.01 pF because of the little current in the parasitic DRs. As expected, the numerical analysis shows that the proposed design had achieved a better steering capability influenced by a stronger mutual coupling in that configuration. Figure 9 presents comparison of the simulated result between the designed in [19] and the proposed design for three different steering angles. Consequently, when C A and C B used the smallest capacitor value (0.01 pF), the reactance Z CA = 1/jωC A and Z CB = 1/jωC B at the both parasitic elements would be increased. Therefore, this led to the ratio of |I 2 /I 1 | and |I 3 /I 1 | to zero and indirectly inclines the input impedance to the impedance value itself. This caused the beam direction to be at 0 • as shown in Fig. 9(b) . Meanwhile, when C B value was bigger than C A , the loading reactance, Z CB would be near to the short circuit state. Thus, the ratio |I 3 /I 1 | changed rapidly and afterward, diverged the input impedance Z in from the impedance value itself. Consequently, the beam was directed to the positive degrees as depicted in Fig. 9(c) . The opposite reaction will happen if the value of C A is bigger than C B , as shown in Fig. 9(a) .
D. SIMULATED ANALYSIS OF BEAM STEERING
In reference to Fig. 9 , it is clearly indicated that the proposed design not only had achieved a better steering capability as expected in the theoretical analysis, but has shown a narrower HPBW compared to [19] . Apparently, this occurred due to the H -field distribution influence inside the DR, as depicted in Fig. 10 (designed in [19] ) and in Fig. 11 (proposed design). Fig. 10 shows the H -field inside the parasitic DRs excited in the TE y 1δ3 mode have deteriorated the steerable beam, thus increased the HPBW of the antenna. This did not happen in the proposed design which applied the parasitic DRs excited in the TE y 1δ1 mode. Consequently, the antenna gain from the proposed design had increased with the increase the steering angle, contrary to the designed in [19] , as shown in Fig. 12 .
E. GEOMETRICAL DETAILS FOR BEAM STEERING OF THE PROPOSED ANTENNA
Based on the detailed comparison of the theoretical and simulation analyses conducted, this paper can deduce that the proposed design has a better performance compared to the designed in [19] , hence, the proposed DRA arrays design with ε r = 10 and the layout are shown in Fig. 13 . The structure consists of a slot aperture that etched on the Duroid 5880 dielectric substrate with a permittivity, ε s of 2.2, thickness, t s of 0.254 mm, and a loss tangent, δ of 0.001. In addition, the shorting pins were applied to connect the ground plane. In this light, the switching configuration to terminate the parasitic elements with the suitable capacitor is tabulated in Table 2 , where the OFF and ON conditions specified the open-circuit and short-circuit between the parasitic element and the relative capacitor, respectively. 
III. RESULTS AND DISCUSSIONS
The proposed DRA array with switching configuration was fabricated and the photograph of the prototype is shown in Fig. 14 . The DRs of the prototype were fabricated with the ECCOSTOCK HiK dielectric material (ε r = 10) while the feeding network was fabricated by etching the substrate of Duroid 5880 (ε s = 2.2). Meanwhile, the special type of double-sided duct tape with thickness about 0.05 mm is used to attach the DR to the ground plane. The DRs were painstakingly aligned on the ground plane slot by using the tracing paper as depicted in Fig. 14(a) . This enhances the accuracy of the DR position since the misalignment between the DR and the feeding network is minimized. For comparison, the simulated and measured reflection coefficient reactions with different cases are depicted in Fig. 15 . It can be perceived that there is a slight difference in the simulated and measured bandwidth due to the fabrication tolerance of the DR and the signal deterioration by applying real capacitor as the switching component. However, the measured reflection coefficients for all cases were less than −10 dB across bandwidth exceeding 1.3 GHz. This exhibits a stable impedance matching and fulfills the bandwidth for 5G requirements. It is also worth mentioning that the proposed design has an overall size 30 mm × 20 mm which is more compact than [7] , [8] and better reflection coefficients compared to [7] , which used phase shifters.
The capability of the steerable beam at the H -plane was also observed in five various cases and it has been illustrated VOLUME 5, 2017 with a stable radiation pattern across a bandwidth as presented in Fig. 16 . A change in main beam radiation angle from −32 to +32 degrees was achievable by switching the termination capacitor on the parasitic element, as shown in Fig. 13(b) . Since the radiation pattern of the array is obtained by multiplying the radiation pattern of a single element with the array factor, it has affected the HPBW for each angle due to the difference value of capacitor termination. In this light, when the beam is steered, the HPBW is reduced from 75 • to 61 • . It should also be noted that a PIN diode with a suitable DC bias network can be used for a continuous steering capability. Table 3 . It is also noted that the antenna gain had increased when the steering angle increased and in turn, the directivity of the antenna array was also increased. Besides that, by considering the simulated directivity and measured gain, this DRA array produced the acceptable values of the radiation efficiency of 92%, 93%, 92%, 93% and 93% for Case I, Case II, Case III, Case IV and Case V, respectively.
Hereby, it is worth specifying that integrated the higherorder mode, TE y 1δ3 DR as a driven element together with the fundamental mode, TE y 1δ1 DR as the parasitic element was increased the mutual impedance between the elements even though the antenna separation, d is approximately the same with [19] . Additionally, when the beam is steered, the H -field distribution inside the parasitic DR cannot deteriorate the H -field inside the driven DR due to the different excitation mode. This leads the proposed design achieved a higher antenna gain, wider steering angle, and narrow HPBW in comparison with [19] . As an outcome, the proposed DRA array is superior to some of the previous works as tabulated in Table 4 . Although the driven element dimension in the proposed design has a little higher compared to previous work, however, it is capable to steer the beam with a higher gain by exciting in the TE y 1δ3 mode instead of adding more antenna element.
IV. CONCLUSION
This paper has presented the beam steering capabilities based on an array of three elements DRA with capacitor loading. Furthermore, TE y 1δ3 mode DR was applied as a driven element with a narrow aperture in the ground plane achieved for a wider bandwidth more than 1.3 GHz and antenna gain in the range of 8.45 dBi to 9.25 dBi. This design attained ±32 • steering abilities by switching the termination capacitor at parasitic DR exciting in TE y 1δ1 mode without the need of a phase shifter. It can be considered that this proposed DRA array can be potentially applied for Device-to-Device (D2D) communication in 5G Internet of Things (IoT) applications. In the future work, this DRA array can be incorporated as a sub-array in a linear or planar array [22] , [23] , which will increase the directivity and gain, with a narrower HPBW. 
